Object. The authors conducted a study to elucidate the relationship between the flow patterns and the formation of aneurysms at the bifurcation of the basilar artery (BA).
S tatiStical data show that cerebral aneurysms in hu mans form preferentially at certain branching sites of the circle of Willis and its associated branch es. [2] [3] [4] 11, 19, 21, 27, 31 Among various factors suspected of being involved in the pathogenesis and localization of cerebral aneurysms, hemodynamic forces such as pressure, wall shear stress, and wall tension are considered to play ma jor roles because aneurysms can be produced artificially in experimental animals by ligating and occluding 1 or 2 major arteries supplying blood to the circle of Willis. [12] [13] [14] [15] [16] However, it is still not clear what makes the vessel wall thin and bulge out only at certain branching sites out of so many branching sites of cerebral arteries. Hence, to elu cidate the roles of hemodynamic factors in the local ized genesis and development of saccular aneurysms in hu man cerebral arteries, we have initiated a series of in ves tigations on flow patterns and distributions of fluid velocity and wall shear stress at major branching sites of the human circle of Willis and its associated branches. The present paper is concerned with the characteristics of the flow in the region of the vertebrobasilar arterial system where it has been reported that the incidence of an eurysm formation at the BA's terminal bifurcation is some how lower than that at the internal carotid arterypos terior communicating artery junction, the anterior com municating artery-anterior cerebral artery junction, and the middle cerebral artery bifurcation. [2] [3] [4] 11, 19, 21, 27, 31 The study was focused on the relationship between the anat omy of the vertebrobasilar artery junction and the approaching velocity profile at the BA's terminal bifur cation that determines the magnitude of hemodynamic stresses acting on the wall of the bifurcation.
Methods

Preparation of Transparent Vertebrobasilar Arterial Trees
Six fresh and intact human brains with the verte brobasilar arterial system were obtained 1 day after the Flow patterns and velocity distributions in the human vertebrobasilar arterial system death of the individual at autopsy in the Department of Pathology, Montreal General Hospital, from 5 men aged 67, 76, 77, 79, and 80 years and 1 woman aged 81 years, in all of whom the primary cause of death was not cere brovascular diseases. From these autopsy materials, 6 iso lated arterial trees containing the left and right VAs, the BA, the left and right SCAs, and the left and right PCAs were prepared as follows.
After isolating and rinsing the vessel with isotonic saline, the 2 inflow vessels (the left and right VAs) and all the outflow vessels were cannulated with short and thin-walled, tightly fitting stainless-steel pipes. All other smaller vessels were occluded at their branching points by ligating and coagulating them with a fulgurator. The arterial tree was then perfused with isotonic saline and mounted on a 3D aluminum supporting frame, fixing each cannula on the frame while keeping the physiologi cal mean transmural pressure of approximately 100 mm Hg. The vessel was then rendered transparent by the method described by Karino and Motomiya. 18 The ves sel lost the elasticity of a natural living artery during the process of fixing, dehydrating, and rendering it transpar ent. However, the method ensured the preservation of the complex 3D configuration of the natural cerebral arteries, which we considered the most important factor for study ing the flow patterns.
Experimental Procedures and Analysis
Each of the left and right VAs was connected via a flexible plastic tube to a plastic bottle used as a head tank. Each of the outflow vessels was connected via a flexible plastic tube to a conical flask used as a collecting reser voir. The arterial tree was then placed vertically with the 2 VAs at the bottom in a glass chamber filled with the same liquid used to render the vessel transparent (methyl salicylate containing ethanol at 5% by volume), and the area of interest on the arterial tree were transilluminated with a condensed parallel light from a tungsten-filament lamp or a mercury arc lamp. The rest of the experimental procedures and methods of analysis were almost the same as described elsewhere.
1 Therefore, only a brief explana tion will be given here.
We used oil of wintergreen (methyl salicylate) con taining ethanol at 5% by volume to render the vessel transparent. Therefore, to keep the arterial tree transpar ent, we used the same liquid as a substitute for blood in our flow study. This liquid did not exhibit non-Newtonian behavior in the way that blood did. The Reynolds num bers for the flow of the liquid were kept within the range of physiological values estimated for blood flow in the hu man vertebrobasilar arterial system. Also, timeaveraged wall shear rates assessed in any segment of the arterial system were well over the critical value of approximately 100 second −1 above which blood behaves as a Newtonian fluid. Therefore, non-Newtonian characteristics of blood would have no effect on blood flow in the vertebrobasilar arterial system and hence blood could be substituted by any Newtonian fluid.
Using the aforementioned liquid, a diluted suspen sion of a mixture of 32, 50, 80, 100, and 115µm diameter polystyrene microspheres (density ρ s = 1.06 g/ cm 3 ) in methyl salicylate (oil of wintergreen) containing ethanol at 5% by volume (density ρ = 1.16 g/cm 3 , viscosity µ = 0.026 g/cmsec) was prepared and used as a substitute for blood.
The arterial tree and the entire flow system were filled with the suspension, and the fluid was then subjected to a steady flow, and the flow rate in each of the outflow vessels was adjusted to its desired value by adjusting the height of the 2 head tanks as well as each collecting res ervoir. The behavior of individual suspended tracer mi crospheres flowing in various regions of the VA-BA tree was observed through a magnifying lens system attached to a cinecamera and photographed on a blackandwhite 16-mm cinefilm with a 16-mm high-speed cinecamera at a film speed of 2000 pictures/second. Flow experiments were carried out at a physiological range of flow rates in the BA from 150 to 300 ml/minute.
In our present study, we did not try flow experiments under the condition of pulsatile flow because the thin ves sel wall that was rigidified by fixing and rendering trans parent easily gets cracks as it collapsed during the dias tole, causing leakage of the flowing liquid. However, we know from our previous studies that the phenomena that occur in pulsatile flow are essentially the same as those found in steady flow, although velocity profile and wall shear stress vary periodically in phase with the pulsation of the heart. 1, 32 Furthermore, in the vertebrobasilar arte rial system, the flow never ceases, and no backflow occurs during the cardiac cycle. Therefore, we considered that the effects of pulsation on flow pattern and velocity pro file are much smaller than that in the aorta and systemic circulation.
After finishing the flow studies, the whole arterial tree and the segments of interest were photographed together with a ruler on 35-mm color or black-and-white films. The developed 35-mm films were analyzed to obtain the inner diameter of each segment. The developed 16mm cine films were subsequently projected onto a drafting table, and the movements of individual tracer microsphere were analyzed frame by frame with the aid of a stopmotion 16-mm movie analyzer to obtain detailed flow patterns and distributions of fluid axial velocity. 
Results
Geometrical Structure of Arterial Trees
Among the 6 vertebrobasilar arterial trees prepared, 4 arterial trees (Vessels 1-4) had a nearly symmetrical structure with respect to the sagittal plane of the body that passed through the axis of the BA. In all of these arterial trees, the diameters of the left and right VAs were nearly equal, and the BA was straight, up to its terminal bifurcation, where the left and right PCAs branched off.
The left and right PCAs also branched off almost at the same angle. In the other 2 arterial trees with an asym metrical vessel structure (Vessels 5 and 6), the diameters of 2 VAs were very different. The BA of Vessel 5 was straight, and the left and right SCAs and PCAs were ar ranged symmetrically with respect to the sagittal plane. The BA of Vessel 6 was badly bent. Figure 1 shows the photographs of some of these transparent VABA trees prepared and used in the present flow studies. Figure 2 shows typical flow patterns (A and B) and distributions of fluid axial velocity (the latter will be re ferred to as velocity distributions hereafter) (C and D) in the common median plane of the VABA system (com mon median plane of the left and right VAs, SCAs, and PCAs) with a nearly symmetrical vascular structure ob served from the direction normal with respect to the com mon median plane of the VABA system under the condi tions of a steady flow in the arterial tree prepared from a 77yearold male (Vessel 1). As illustrated in Fig. 2B by solid particle paths, the main flows from the 2 VAs confront each other in the sagittal plane of the VABA tree as they flow into the BA. However, this did not result in the formation of disturbed flows. The blood flows just coursed parallel to each other and to the wall of the BA and entered the ipsilateral SCA and PCA without mix ing with each other. There was a thinlayered peripheral flow from the left VA to the right side of the BA beyond the sagittal plane (as shown by the short dashed particle paths located adjacent to the posterior walls), but this did not create any flow disturbance. Flow separation oc curred at the leading edge (opposite the flow divider) of each branch, and the region of separated flow was filled with the fluid deflected at each flow divider as well as the fluid from the thin peripheral layers adjacent to the ipsilateral antero-and posterolateral BA walls. The fluid elements in the main flow that traveled along the particle paths located close to the sagittal plane of the VABA tree impinged on the flow divider of the BA's terminal bifurcation where the left and right PCAs branched off. This resulted in the formation of strong secondary flows in both the left and right PCAs, as shown in Fig. 2A . Figure 2C and D show velocity distributions in the common median plane of the VABA system that are nor mal with respect to the sagittal plane of the body. As evi dent from the figure, the velocity distribution was quasiparabolic in both the left and right VAs, and then it took a bipolar shape with a local minimum at the vessel axis when the flows from 2 VAs merged at the inlet of the BA. The velocity distribution was gradually flattened while moving distally in the BA, and at the same time the max imum value in the velocity distribution increased as the diameter of the BA gradually decreased. Quite similar flow patterns and velocity distributions were documented in the other 3 vessels that had a nearly symmetrical vessel structure (Vessels 2-4). In all these vessels, the approach ing velocity profile (the velocity distribution just proximal to the flow divider of a bifurcation at the terminal bifur cation of the BA) was flattened. Figure 3 shows the effect of the change in flow rate in 1 of the VAs on flow patterns in the BA observed in an arterial tree prepared from an 81yearold female (Vessel 2) in whom the vascular structure was symmetrical. As evident from Fig. 3A , when the flow rates in 2 VAs were the same, flow patterns similar to those shown in Fig. 2B were observed. Here, the flow at the entrance of the BA appeared as a weak hyperbolic flow with a characteristic quadrant pattern. When the flow rate in 1 of the VAs was reduced to approximately onethird of the contralateral side-as occurs when the VA itself or the subclavian ar tery from which the VA branches off is partially occluded by the development of atherosclerotic lesions or by the Fig. 1 . Photographs of some of the isolated transparent human vertebrobasilar arterial trees prepared from humans postmortem. A: An arterial tree with a nearly symmetrical vascular structure prepared from a 77-year-old male cadaver (Vessel 1). B: An arterial tree with very different diameter VAs prepared from a 79-year-old male cadaver (Vessel 5). C: An arterial tree with a badly bent BA prepared from a 67-year-old male cadaver (Vessel 6).
Flow Patterns and Velocity Distributions in Vertebrobasilar Arterial Trees With a Symmetrical Vascular Structure
formation of mural thrombi-the flow patterns changed drastically. As shown in Fig. 3B , the main stream from the higher-flow rate VA (right VA) occupied the core re gion of the BA, and the flow from the lower-flow rate VA (left VA) crossed over and under the main stream from the higher-flow rate VA and occupied the peripheral re gion of the BA surrounding the fast core flow. As a result of this, mixing of the fluid elements from 2 VAs occurred in the BA, and the fluid elements originating from the left VA entered even the right SCA and PCA, and vice versa. Figure 4 shows the velocity distributions in the same VABA tree shown in Fig. 3 obtained under the aforemen tioned 2 different flow conditions. We found that when the flow rates in 2 VAs were the same, velocity distributions in the BA and proximal to the terminal bifurcation of the BA were either bipolar shaped or flattened. In contrast to this, when the flow rate in 1 of the VAs was reduced, the velocity distributions changed to quasiparabolic with a maximum located at the vessel axis. Thus, as shown in Fig. 4C and D, although the BA flow rate was lower (about 85%) in this case than that in the case in which the flow rates in 2 VAs were equal, as shown in Fig. 4A and B, the values of maximum velocity were very close; this indicates that if we compare the values of maximum velocity in the BA in these 2 arterial trees that have a very different vascular structure at the same flow rate, the A and B) and distributions of fluid axial velocity (C and D) that were normal with respect to the common median plane of the vertebrobasilar arterial system in steady flow in the vertebrobasilar arterial tree prepared from a 77-year-old male cadaver (Vessel 1), showing almost symmetrical flow patterns and velocity profiles with respect to the sagittal plane of the body. Note that the approaching velocity profile (the velocity distribution just proximal to the flow divider of a bifurcation) at the terminal bifurcation of the BA is flattened in this vessel with a nearly symmetrical vascular structure. Solid lines represent the paths of particles located in or close to the median plane; short dotted lines represent particle paths far out of the median plane; and long dotted lines represent particle paths located between the first 2 types of paths. The numbers at the outside of the vessel and on each velocity profile indicate inner diameters of the vessel measured at each location and the maximum value on the velocity profile, respectively. The numbers given under Q 1 -Q 4 indicate the fraction of the flow that entered the particular branch out of the total inflow Q 0 .
value of the maximum velocity will be much higher when the flow rates in 2 VAs are very much different. Figure 5 shows flow patterns (A and B) and velocity distributions (C and D) observed as normal with respect to the common median plane under the conditions of a steady flow in the arterial tree prepared from a 79-year-old male cadaver (Vessel 5) in whom there was a smalldiam eter right VA and a largediameter left VA (diameter ratio 2.8). In performing flow studies, the volume flow rates in the 2 VAs were adjusted close to the crosssectional area ratio of the 2 VAs. As shown by the solid particle paths in the figure, the main flow in the BA was occupied by the flow originating from the left VA. Due to the presence of a certain degree of branching angle between the left VA and the BA, some of the fluid elements that entered the BA from the left VA were deflected at the right wall of the BA; this resulted in the formation of a weak swirling flow in the middle to distal portions of the BA. The fluid ele ments that entered the BA from the smalldiameter right VA were engulfed by the swirling flow, forming a part of the outermost layer of the flow adjacent to the vessel wall of the BA. Due to the development of a swirling flow, the flow pattern observed proximal to the terminal bifurca tion of the BA was very complex with many particle paths crossing each other in a 2D representation of the flow. The velocity distribution at the entrance of the BA was monopolar shaped. The position of the summit in veloc ity distribution shifted toward the right wall of the BA as it moved distally along the BA. Because of this, fluid elements located at the summit of the velocity distribu tion and having high momentum energy impinged not the flow divider of the terminal bifurcation but rather the wall of the right PCA, exerting high fluid pressures, wall shear stresses, and wall tensions on the vessel wall there. Figure 6 shows another example of flow patterns and velocity distributions observed in the arterial tree pre pared from a 67-year-old male cadaver (Vessel 6). In this case, the difference in the diameters of 2 VAs was much smaller (diameter ratio 1.45) than in the case of Vessel 5 (Fig. 5 ), but the BA was badly bent and the right VA formed a Tshaped junction with the left VA and the BA. Due to the highly asymmetrical structure of the arterial tree, flow disturbances occurred in several regions of the arterial tree. As shown in Figs. 1C and 6D , the right VA was curved in a concave shape with respect to the right VA. Because of this, the flow in the left VA was already disturbed with the formation of a strong secondary flow (double-helicoidal flow). Consequently, the velocity dis tribution in the left VA was skewed toward the outer wall of the curved segment (left wall of the left VA). On enter ing the BA, the main stream from the left VA occupied the core region, and the flow from the right VA was en gulfed by the double-helicoidal flow from the left VA and formed a part of it.
Flow Patterns and Velocity Distributions in Vertebrobasilar Arterial Trees With an Asymmetrical Vessel Structure
At the branching sites of the SCA, very complex sec ondary and recirculation flows were formed. Pronounced atherosclerotic wall thickening was observed around the flow divider of the right SCA where slow spiral recircu lation flows were formed. The position of the summit in velocity distribution gradually shifted toward the right wall of the BA as it went distally along the badly bent BA (Fig. 6C) . Additionally, as the case of Vessel 5 (Fig. 5) , fluid elements located at the summit of the velocity dis tribution impinged with high momentum energy not on the flow divider but on the wall of the right PCA slightly away from the flow divider, exerting high hemodynamic stresses there.
Discussion
The Effects of Vascular Structure on Flow Patterns and Velocity Profiles
From an anatomical point of view, the VABA system has a very unusual structure in that 2 large arteries (the left and right VAs) join to form a largerdiameter artery (the BA), which then within a short distance bifurcates into 2 large arteries (the left and right PCAs). The pres ent study was conducted to elucidate the mystery of this unique structure by studying hemodynamic features of the arterial system. We found that when the diameters of 2 VAs were nearly identical and they formed a symmetri cal inverted Y-shaped junction with the BA, the flow in the VABA system was also symmetrical with respect to the sagittal plane of the body-that is, the fluid elements that flowed into the BA from the left and right VAs trav eled almost parallel to the vessel wall of the BA without mixing with each other, and then they flowed out through the left and right SCAs and PCAs, respectively. The oc currence of such a streak flow in the BA has also been observed by other investigators. McDonald and Potter 22 reported that when they infused a dye into 1 VA of the rabbit, the dye stayed only on that side of the BA and flowed into the branches located on that side. In verte bral angiography performed in humans, separation of the stream of an opaque contrast medium from 1 VA and the stream of nonopaque blood from the other VA was of ten observed in the BA. 33 All of these details suggest that the flow in the BA is laminar and support our findings. As a result of the confluence of the flow from 2 nearly equal diameter VAs, flattened velocity profiles were es tablished in the BA in the vertebrobasilar arterial trees with a symmetrical vascular structure. By contrast, when the diameter of 1 of the VAs was much smaller than the other and there was a large difference in flow rates (Q L and Q R ) from the 2 VAs, velocity profiles in the BA were sharpened and they took either quasiparabolic or skewed monopolar shapes. Because the vessel diameter and flow rate were not the same in all the 6 vertebrobasilar arterial trees prepared and used in the present study, it is mean ingless to compare these 2 groups with different veloc ity in the BA. Therefore, to make the data amenable to a fair comparison, the maximum in each velocity profile (U max ) was divided and normalized by a mean velocity, Ū, which was obtained by dividing the volume flow rate by the crosssectional area of the BA. Table 1 provided a summary of all the geometrical and hemodynamic data on the vertebrobasilar arterial trees used in the present study. Here, it should be noted that if the flow in the BA is laminar and fully developed, the velocity profile will be parabolic because it can be expressed by the Poiseuille law, and the ratio of the maximum and mean velocity, U max /Ū, will take a numerical value of 2. However, be cause the lengths of the BAs were much shorter than the entrance length (given by L = 0.08Re o D o for a cylindrical tube 10 ) required for the development of a Poiseuille flow with parabolic velocity profiles, which was calculated to be at least 38 × D o even for the lowest Re o encountered in the present study, there was no possibility for the flow in the BA to attain to a fully developed Poiseuille flow. Thus the normalized velocity, U max /Ū, took numerical values between 1 and 2. As shown in the table, the values of U max /Ū for the cases of a flattened velocity profile were about 1.3, whereas those for the cases of a monopolar shaped velocity profile were higher, ranging from 1.49 to 1.85. In vessels with an asymmetrical vascular structure, the values were very close to 2 (1.85 and 1.78). These data indicate that even if the flow rates in the BA are the same, and therefore the mean fluid velocities are same, the ve locities of the fluid elements that are located at the sum Fig. 2 , observed in steady flow in an arterial tree prepared from an 81-year-old female cadaver (Vessel 2, same as that in Fig. 3.) , demonstrating the effect of the change in flow rate in 1 of the VAs on velocity profiles in the BA. Note that velocity profiles in the BA changed from a flattened to a monopolar shape when the flow rate in 1 of the VAs was reduced.
mit of the velocity profiles and impinge on the vessel wall around the flow divider of the terminal bifurcation of the BA can be very different depending on the geometrical structure of the inverted Yshaped junction of the VABA system and the ratio of the flow rates in the 2 VAs. Thus, in VABA trees with a symmetrical inverted Yjunction, velocity profiles were flattened and the maximum of the velocity profiles just proximal to the flow divider of the terminal bifurcation of the BA were approximately 30% lower than those of the monopolar-shaped velocity profiles observed in VABA trees with an asymmetrical inverted Y-junction, and 45% lower than those of Poiseuille flow with a perfect parabolic velocity profile. Ravensbergen et al. [24] [25] [26] studied the flow patterns and velocity distribu tions at the VABA junction both theoretically by means of a computer simulation and experimentally by means of flow visualization using glass models of the junction. Their results were qualitatively the same as those we ob tained in the present study.
Hemodynamic Importance of Approaching Velocity
In a VA-BA tree, impingement of flow on the vessel wall occurs at flow dividers located at the left and right SCA branching sites from the BA and at the flow divider of the BA terminal bifurcation where the left and right PCAs branch off. Of these, the results of the present in vestigation showed that the flow divider of the BA's ter minal bifurcation is exposed to the impingement of fluid elements located at the summit of the approaching veloc ity profile (the velocity profile just proximal to the flow divider), and hence it has the largest velocity.
When a flowing fluid impinges on a vessel wall, the velocities of the fluid elements become 0 as they contact the vessel wall. Because of this, the kinetic energy that the fluid elements had when they were in motion prior to their collision with the vessel wall (given by ρU 2 , where ρ and U are the density and the velocity of the fluid, respec tively) is converted to a pressure (dynamic pressure or stagnation pressure, P d = 1/2ρU 2 ). This is a special pres sure that is imposed locally only on the vessel wall in the region of the stagnation point, where flow also impinges in addition to a static pressure (blood pressure) that is act ing on the vessel wall equally everywhere in the vessel in a direction normal with respect to the luminal surface of the vessel. Therefore, the area of a stagnation point where flow impinges directly on the vessel wall is subjected to a fluid pressure higher than anywhere else. Furthermore, the vessel wall in the area surrounding the stagnation point is exposed to higher shear stresses than other re gions. Because the kinetic energy of the impinging fluid that is converted to a stagnation pressure increases as a square of fluid velocity, and wall shear stress in the area surrounding the stagnation point also increases in propor tion to the velocity of the impinging fluid, the approach ing velocity can be considered to be the most important hemodynamic factor involved in the development of sac cular aneurysms at some branching sites of cerebral arter ies. In this way, Fry 9 showed that an acute increase in wall shear stress causes denudation of endothelial cells from an arterial wall. Stehbens 28 found that in vessels exposed to high wall shear stresses, fatigue failure of connective tissues with a loss of tensile strength resulted in dilation, intimal tear, mural dissection, and thrombosis.
Effect of Pulsatility of Blood Flow
Under physiological conditions, the values of both the dynamic pressure (stagnation pressure) imposed on the stagnation point at the flow divider and shear stress exerted on the vessel wall in the area surrounding the stagnation point will vary periodically due to the pulsa tile nature of blood flow in the circulation. Here, it should be pointed out that the peak velocity of impinging fluid in the systolic period is larger than a timeaveraged ve locity. Thus, the vessel wall around the flow divider will be subjected to much higher momentary fluid pressures and shear stresses than those estimated based on a time averaged velocity.
It has been pointed out by several investigators that, in some cerebral arteries, the vessel wall around the flow divider is structurally weakened by medial defects. 8, 29, 34 It is likely that in such vessels perpetual impingement of fluid elements with large velocities on the vessel wall around the flow divider result, in the long run, in the development of saccular aneurysms. In this sense, the geometrical structure of the VABA inverted Yshaped junction, which determines the type of the approaching velocity profile at the terminal bifurcation of the BAthat is, either flattened or monopolar shaped-is the factor to be examined when discussing the possibility of aneu rysm formation at some branching sites of the BA.
Variations in Vascular Geometry
With respect to the geometrical structure of the VAs in humans, Stopford 30 reported that of 150 vessels he examined, 92% had unequaldiameter VAs; however, in many cases, the difference in diameter was small, and the number of cases in which the diameter of one side of the VAs was at least twice that of the other side was only 22 (14.7%). Kitami et al. 20 observed inequality of 2 VAs in 56% of vessels they examined, although the degree of dif ference was not mentioned in their report.
The results of our present study suggest that a blood flow with a monopolar-shaped approaching velocity pro file may play a causative role in the formation of cere bral aneurysms. This would be brought about by locally imposing high hemodynamic stresses (pressure, shear stress, tension) on the vessel wall around the flow divider of a bifurcation, thereby weakening the structure of the vessel wall. In VA-BA trees, such a velocity profile was observed only in vessels in which the flow rate in 1 VA was at least 3 times greater than that in the other VA. We found that the approaching velocity profile is also affected by some other geometrical factors such as the curving of the BA and the branching angle between the 2 VAs. How ever, the number of cases analyzed in our present study is not large enough to allow a definite conclusion on this matter. Because there are many variations in geometrical structure of the human VA-BA system and because flow patterns and velocity profiles in it are greatly affected by them, it is necessary to conduct a further detailed study with vessels of various geometrical shapes.
Approaching Velocity Profile and Exact Sites of Aneurysm Formation
Clinically speaking, the aneurysms formed at the ter minal bifurcation of the BA were found not only at the apex of the flow divider but also at the branching site of small perforating arteries located near the flow divider.
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This suggests the possibility that the precise location of aneurysm formation is determined by where the highest velocity fluid elements impinge on the vessel wall and impose the highest hemodynamic stresses. The results of our flow studies certainly showed that the highest-veloc ity fluid elements did not always impinge the vessel wall where a flow divider was located. Both in Vessels 5 and 6, the summit of the monopolar-shaped velocity profile was not situated at the center of the BA due to curving of the BA or asymmetrical vascular structure of the inverted Yjunction where the left and right VAs joined to form the BA. In both cases, the highest-velocity fluid elements im pinged on the wall of the right PCA slightly downstream of the flow divider, and fluid elements with relatively low velocity impinged on the wall where the flow divider was located. The shape of the approaching velocity profile and the position of the summit in it will be largely affected by some geometrical factors such as the diameter ratio of 2 VAs and the length and curvature of the BA. Data on such geometrical factors are scarce at present, although there have been a number of reports on BA aneurysms. [5] [6] [7] 17, 35, 36 Thus, to further investigate the role of hemodynamic factors in the localized genesis and development of an eurysms in the VABA system, it is necessary to collect more complete information on diameters of the 2 VAs, branching angles of the inverted Yjunction of the VABA system, and precise locations of aneurysm formation.
Conclusions
The geometrical structure of the inverted Yshaped junction in the vertebrobasilar arterial system greatly affects the approaching velocity profile at the terminal bifurcation of the BA. The symmetrical structure of the inverted Yjunction in a normal vertebrobasilar arterial system provides a flattened approaching velocity profile at the terminal bifurcation of the BA, lowering the he modynamic stresses (pressure, tension, and shear stress) exerted on the wall of the bifurcation. This may account for the relatively low incidence of aneurysm formation at this site. Re o = Reynolds number evaluated at the inlet of the vessel; U max = maximum velocity; Ū = mean velocity.
